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Basal Forebrain Cholinergic Modulation of
Auditory Activity in the Zebra Finch Song System
production and includes RA and HVc (Figure 1A). In
zebra finches, neural activity in RA (Dave et al., 1998) and
HVc is strongly dependent on behavioral state (Schmidt
Stephen D. Shea1,* and Daniel Margoliash1,2
1Committee on Neurobiology
2 Department of Organismal Biology and Anatomy
University of Chicago and Konishi, 1998; Nick and Konishi, 2001; Rauske et al.
2003). Under urethane anesthesia and more prominently1027 East 57th Street
Chicago, Illinois 60637 during sleep, RA neurons exhibit vigorous song-selec-
tive auditory responses and burst spontaneously, with
temporally precise patterns that match the neurons’ pre-
motor patterns (Dave and Margoliash, 2000). In contrast,
in awake birds, RA neurons fire highly regularly at ele-Summary
vated rates and do not respond to auditory stimuli (Dave
et al., 1998), bursting only during singing (Yu and Margo-The cholinergic basis of auditory “gating” in the senso-
rimotor nucleus HVc and its efferent target robustus liash, 1996). Chronic recordings from HVc indicate that
the changes in RA physiology are likely secondary toarchistriatalis (RA) was investigated in anesthetized
zebra finches. Injections of cholinergic agonists car- state-dependent and cell-class-dependent changes in
HVc (Rauske et al., 2003).bachol or muscarine into HVc strongly affected dis-
charge rates and diminished auditory responsiveness In anesthetized zebra finches, focal injections of nor-
epinephrine (NE) into HVc eliminate auditory responsesin both HVc and its target RA, changes toward an
awake-like condition. HVc nicotine injections pro- in RA, but not in HVc (Dave et al. 1998). These findings
implicate HVc as a possible site of auditory gating, butduced similar strong effects in HVc, but weaker and
inconsistent effects in RA. Stimulation of basal fore- such gating could be mediated by interactions between
numerous catecholaminergic, cholinergic, and otherbrain (BF) produced an initial transient network shut-
down followed by diminished auditory responsiveness modulatory inputs to HVc and RA (Ball, 1994; Appeltants
et al., 2000). BF cholinergic neurons have been reportedin HVc and RA. All stimulation effects were blocked
when preceded by HVc injections of nicotinic or mus- to project to HVc and RA (Li and Sakaguchi, 1997), and
BF receives input from auditory and song system thala-carinic antagonists. Thus, BF cholinergic modulation
of song system auditory activity acting via functionally mic regions (Li et al., 1999) (Figure 1A). BF is well posi-
tioned, therefore, to regulate state-dependent changesdistinct HVc circuits can contribute to auditory gating.
We hypothesize that wakeful BF activity levels block in the song system based on input from multiple modal-
ities.sensory input to motor systems and adaptively change
during behavior to allow sensorimotor feedback such Here we demonstrate that cholinergic BF can regulate
the admission of sensory input to the song motor circuitas auditory feedback during singing.
of songbirds through powerful, direct, and pathway-
specific effects on HVc circuitry and is likely to contrib-
ute to behavioral state-dependent changes in song sys-Introduction
tem physiology. We suggest that BF activity could allow
for dynamic pathway-specific modulation of auditoryForebrain cholinergic systems have been widely associ-
ated with plasticity and selective attention (Rasmusson, feedback on the time course of singing.
2000; Wenk, 1997). Stimulation of cholinergic basal fore-
brain (BF) enhances cortical responses to sensory stim- Results
ulation (e.g., Tremblay et al., 1990) and selectively en-
hances cortical representations of the features of paired Carbachol Injections into HVc Produce Changes
stimuli (e.g., Kilgard and Merzenich, 1998a). Such toward Wakeful Activity in RA and HVc
changes have been correlated to improved perceptual We tested the effects of cholinergic input to HVc on song
performance (e.g., Recanzone et al., 1993). Cholinergic system physiology by injecting the cholinergic agonist
regulation of sensorimotor processing is less well stud- carbachol into HVc while recording from HVc and RA.
ied (Conner et al., 2003). Here we demonstrate that cho- Injections of carbachol into HVc (n 8; seven RA single
linergic BF can powerfully regulate the expression of units [SU] in five birds; 1 mM; 200–400 pmol in 200–400
learned auditory responses in the birdsong system. nl) strongly and consistently suppressed auditory re-
In numerous songbird species including zebra sponses to the bird’s own song (BOS) in RA (Figure 2).
finches, birds must attend to their auditory feedback to Carbachol injections resulted in a significant reduction
learn songs as juveniles and thereafter to maintain their (3.5) of the population mean RA BOS response (Table
adult songs. These behaviors are mediated by a basal 1), and there was a significant reduction in the strength
ganglia-like pathway implicated in song learning and of response in each of the eight cases (throughout the
maintenance (Bottjer et al., 1984; Brainard and Doupe, Results, “significant” changes at individual recording
2000) and a premotor pathway that is obligatory for song sites imply an unpaired t test comparing activity before
and after the manipulation or recovery, with p 0.05; see
Experimental Procedures). Effects were usually rapid
(Figure 2), often occurring within 30 s of the start of the*Correspondence: sdshea@midway.uchicago.edu
Neuron
1214
Figure 1. Song System Anatomy
(A) Schematic diagram of the song system.
NIf: nucleus interfacialis; HVc: used here as
the proper name; lMAN: lateral magnocellular
nucleus of the anterior neostriatum; mMAN:
medial magnocellular nucleus of the anterior
neostriatum; DLM: medial nucleus of the dor-
solateral thalamus; DMP: posterior nucleus
of the dorsomedial thalamus; Ov: nucleus
ovoidalis; VP: ventral paleostriatum; RA: ro-
bust nucleus of the archistriatum; nXIIts: tra-
cheosyringeal portion of the hypoglossal nu-
cleus.
(B) Fluorescent micrograph showing labeling
substantially contained within the border of
HVc following a 200 nl injection of carbachol
with a small amount of RDA in the vehicle.
(C) Brightfield micrograph of same section
stained with cresyl violet, showing the bor-
ders of HVc.
injection. Recovery of strong auditory responses was decrease in the population mean interspike interval (ISI)
(Table 1). Ongoing discharge rates occasionally showedobserved within 15–20 min (Figure 2). Following recov-
ery, responses were significantly stronger than immedi- instability immediately following the injection, but there-
after recovered (Table 1), sometimes prior to the recov-ate postinjection responses both for the population
mean (Table 1) and for five of six sites considered indi- ery of auditory responses. In five of six cases where
the site was held, firing rate relaxed significantly backvidually.
Immediately following the carbachol injections, RA toward preinjection values within 15–20 min. Bursting
(see Experimental Procedures) during ongoing dis-ongoing discharge increased significantly at six of eight
sites (Figure 2), which was also reflected in a significant charge also significantly decreased following carbachol
Figure 2. Effects of an HVc Injection of Carbachol on RA and HVc Activity
(RA, left panel) The raster shows the response of an RA SU over a series of 220 repetitions (2766 s); peristimulus time histograms (PSTHs,
bin size  20 ms) and a spectrograph (frequency versus time) of the BOS stimulus are time-aligned below the raster. At the time indicated
by the arrow, 400 nl of 1 mM carbachol (400 pmol) was injected into HVc. The PSTHs correspond to periods of time (P1, P2, and P3) denoted
to the left of the rasters, which for all such figures were chosen based on visual inspection as a heuristic to help describe the results. After
the carbachol injection, the response of the RA SU was greatly attenuated (P1: 65.2  64 RS; P2: 5.52  14 RS; unpaired t test, p  0.001;
one strong outlier response was excluded from P2), and the ongoing firing rate increased (P1: 67.7  12 ms ISI; P2: 56.5  11 ms ISI; unpaired
t test, p  0.001). Responses to BOS here recovered at the same time as normal ongoing activity (at the end of P2); more typically in other
injections, the recovery of BOS responses was delayed. Subsequently, the neuron showed significant recovery (P3: 37.9  65 RS, 86.4  19
ms ISI; p  0.001). (HVc, right panel) In the top panel, each row represents the rectified and integrated activity of the HVc MU site (white [no
response] to black [highest response]). Middle traces are average waveforms of rectified and integrated activity during the periods P1, P2,
and P3. All plots are time-aligned with the BOS spectrograph, bottom panel. The injection resulted in a reduction in the HVc MU response
(P1: 3.60  1.5 RS; P2: 1.88  0.33 RS; paired t test, p  0.001), which significantly recovered (P3: 2.91  1.6 RS; p  0.001).
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injections and recovered thereafter (Table 1). Thus, for with carbachol, but as with carbachol the population
mean BOS response was significantly stronger followingall these measures of physiological activity, carbachol
recovery (Table 1).injections of HVc had strong effects on RA neurons,
The ongoing discharge of RA SU was also affected byfollowed by substantial recovery.
muscarine injections, but with some cell-specific effectsWe also held HVc recordings during five of the carba-
not seen with carbachol (Figure 3A). A comparison ofchol injections (four multiunits [MU] in three birds). In
the population mean ISIs before and after the injectionsevery case, HVc auditory activity was strongly and sig-
was not significant (paired t test, p  0.25). Each of thenificantly suppressed by these injections (Figure 2). Four
ten cases showed significant changes, however; eightof these HVc recordings also showed significant recov-
cells showed increases in ongoing discharge rates (in-ery from the postinjection responses. Likewise, the pop-
cluding two that showed no changes in responses toulation mean BOS response for HVc was significantly
BOS), whereas two cells showed decreases. One ofreduced following the injection and subsequently signifi-
these two cells exhibited a dramatic increase in ISIscantly increased following recovery (Table 1). Qualita-
(20.4%) that biased the decreasing population ISI awaytively, the timing of the onset and offset of effects in RA
from significance; with that outlier excluded, the changeand HVc was closely matched.
in population mean was significant (Table 1). OngoingSix control injections were made into HVc (three of
discharge rates significantly recovered within about 20ACSF, one of ACSF [pH  6.4], two of a lower dose
min for five of ten injections, frequently prior to the return[10 M] of carbachol), ranging from 200 to 1000 nl. None
of reliable auditory responses. The population mean ISI,of these injections had a significant effect on BOS re-
however, did not significantly recover from the postin-sponses in RA (n  6; five SU, one MU in four birds) or
jection value (Table 1). As with carbachol, RA ongoingHVc (n  3; two MU in two birds). In a seventh control
bursting was significantly reduced by muscarine injec-bird, a sample of RA sites recorded sequentially before
tions and showed significant recovery (Table 1).(n  7) and after (n  7) an ACSF injection showed
The muscarine injections also regularly led to sup-no differences in mean response strengths (pre/post:
pression of auditory responses in HVc (n 7 injections;17.1  8.9/17.4  19; p  0.96). All six injections (200–
four MU in four birds), including loss of bursting and a250 nl) of cholinergic antagonists into HVc during re-
drop in overall MU activity (Figure 3A). There was acordings of RA SU (see below) also exhibited no signifi-
significant decrease in the population mean BOS re-cant effects on RA auditory responses. In addition, we
sponse (Table 1) and significant auditory suppressionmade 11 injections of other drugs as part of another
for most injections (six of seven) considered individually.study (dopamine, clonidine, isoproterenol, and combi-
Recovery of auditory responses was observed at somenations thereof; 200–250 nl). None of these injections
(three of six) sites, and the population mean responseshowed a significant change in either RA (n  11; five
after recovery showed a significant increase over theSU, three MU in eight birds) or HVc (n  8; five MU in
postinjection value. The time course of auditory recoveryfive birds) BOS activity. Over all control injections, there
in HVc roughly matched that in RA.were no significant changes in the population mean BOS
HVc Nicotine Injections Affect Differentresponses for RA (n  24; p  0.43) or for HVc (n  11;
Functional HVc Circuitsp 0.08) (Table 1). The consistent suppression followed
We also explored nicotinic receptor components of cho-by recovery of auditory responses in RA and HVc after
linergic regulation of HVc. Seven birds (eight RA SU)HVc carbachol injections, compared with the lack of
received 13 injections of nicotine (100 M, 1 mM, or 10effects when similar control volumes were injected into
mM; 20 pmol–12 nmol in 200–1200 nl). In contrast withHVc, suggest that the effects of the carbachol injections
the carbachol and muscarine injections, these injectionswere not the result of physical trauma to HVc or other
had no discernable effect on the auditory responses ofnonspecific effects.
most RA units (Figure 3B), and transitory effects on a
few. A wide range of doses was used, but those cells
Differences in Patterns of Activity Elicited by showing these weak effects were not those receiving the
Injections of Muscarine and Nicotine into HVc most nicotine. The change in population mean response
Muscarine Injections into HVc Resemble was not significant (Table 1). Although it approached
Carbachol Injections significance (p  0.06), the magnitude of the effect for
The effects of the carbachol injections could arise from nicotine (38%) was much less than for carbachol (71%)
the actions of nicotinic and muscarinic classes of ACh or muscarine (67%). The reduction in population mean
receptors. To explore this, we made ten injections of response following nicotine injections resulted largely
muscarine into HVc (eight RA SU in six birds; 30–300 from 3 of 13 cases (2 of 8 units) that showed brief but
pmol in 250–600 nl; either 100 M or 1 mM, n 5 each). significant suppressions of RA BOS responses. Exclud-
Injections of muscarine into HVc regularly led to a strong, ing those cases, the population mean response was
sustained suppression of BOS responses in RA within reduced by only 17%, a nonsignificant difference (RS
about 30 s (Figure 3A). The postinjection population pre/post: 11.6  11/9.63  7.7; paired t test, p  0.13).
mean response showed significant reduction (Table 1), This contrasts with the strong and consistent effects
similar to the effects of carbachol, and of the ten injec- at individual sites for carbachol (seven of seven) and
tions, eight showed a significant suppression of auditory muscarine (eight of ten). In each of the 3 of 13 nicotine
responses. The two exceptional injections were of the cases showing auditory suppression, there was signifi-
lower concentration of drug (100 M). In three of eight cant recovery of strong auditory responses, but this
cases, there was significant recovery of auditory re- occurred rapidly, within 2–4 min, which also contrasts
with the effects observed for carbachol and muscarine.sponses within about 20 min, fewer cases than seen
Cholinergic Modulation of Auditory Input
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Figure 3. Contrasting Effects of HVc Injections of Muscarine and Nicotine
(A) Muscarine injection (200 nl, 1 mM) resulted in dramatic suppression of RA SU response (P1: 16.4  16 RS; P2: 3.63  2.9 RS; unpaired t
test, p  0.001), with corresponding changes in ongoing discharge (P1: 81.6  17 ms ISI; P2: 75.8  0.25 ms ISI; unpaired t test, p  0.001).
Recovery was significant for ISIs (P3: 83.1  16 ms ISI; p  0.001), but not BOS responses (P3: 5.31  6.7 RS; p  0.81). Similar changes
were observed for the simultaneously recorded HVc MU. Driven activity was suppressed by the injection (P1: 2.16  0.64 RS; P2: 1.21  0.29
RS; unpaired t test, p  0.001), which later showed significant recovery (P3: 1.57  0.45 RS; p  0.001). (Although the postinjection P2
responses in HVc are weak, they are significant; p  0.001). Data represent 380 repetitions of BOS (5365 s).
(B) Nicotine injection (700 nl, 10 mM, pH balanced to 7.4 with NaOH). In contrast to muscarine, there was a very weak effect or no effect on
RA BOS responses (P1: 11.6  10 RS; P2: 8.39  7.3 RS; unpaired t test, p  0.06) and a weak effect on ongoing discharge (P1: 56.7  15
ms ISI; P2: 57.9  16 ms ISI; unpaired t test, p  0.001). Consistent data were obtained during P3 (10.1  13 RS and 63.9  19 ms ISI). In
contrast to RA, the HVc MU response was strongly suppressed following the injection (P1: 2.99  1.3 RS; P2: 1.84  0.78 RS; unpaired t test,
p 0.001) and later showed recovery. The variance in baseline activity following recovery depressed the numerical value for response strength;
recovery was not significant (P3: 1.86  0.28 RS; p  0.97). Data represent 140 repetitions of BOS (1789 s).
Furthermore, although significant changes in ongoing Each of the 13 injections described above was accom-
panied by an HVc multiunit recording, and followingfiring rate were frequently seen in individual cases (8 of
13), in contrast to carbachol and muscarine, nicotine these injections, the population mean BOS response
was strongly and significantly suppressed (Table 1). Thisinjections into HVc had no significant effects on the RA
population mean ISI (p  0.11; Table 1) and did not effect was consistently observed across sites, with sig-
nificant reductions in response for 12 of 13 cases. Sup-significantly reduce ongoing bursting (p 0.21; Table 1).
Whereas nicotine injections into HVc had minimal ef- pression was in turn followed by significant recovery in
many individual cases (8 of 12) and for the populationfects on RA BOS responses, they strongly and consis-
tently suppressed HVc BOS responses in a manner simi- mean (Table 1). Suppression of HVc BOS responses by
nicotine was long lasting (10 min) and persisted welllar to carbachol and muscarine injections (Figure 3B).
Neuron
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beyond the brief suppression of BOS responses seen charge rate, followed by significant relaxation of popula-
tion mean firing rate (Table 1). Comparing ISIs beforefor the subset of RA units; this distinction between the
and after each stimulation for individual RA SU, however,time course of RA and HVc response recovery also con-
BF electrical stimulation resulted in either a significanttrasts with effects of carbachol and muscarine.
increase (23 of 30) or a significant decrease (7 of 30) inThe different results following muscarine and nicotine
ongoing discharge rate. For sites showing a firing rateHVc injections demonstrate that the components of the
increase, the change in mean ISI before and after stimu-cholinergic input activate functionally distinct though
lation was strong and significant (n  23; 69.0  15 mslikely overlapping HVc circuits with different strengths.
to 54.8  14 ms; paired t test, p  0.001), whereas itSince multiunit recordings are dominated by interneu-
was not significant for the less common decreases (nrons, muscarine’s actions on both multiunit activity in
7; 65.3 19 ms to 76.8 18 ms; paired t test, p 0.14).HVc and on RA activity suggest that both HVc interneu-
The effects on ongoing activity (and BOS responses)rons and RA-projection neurons must be affected (di-
were immediate, with the exception of two sites thatrectly or indirectly), while the relative sparing of RA activ-
showed a delay of approximately 1 min. Among sitesity by nicotine in the face of decreases in HVc multiunit
that showed decreases in ongoing ISIs (this subset ofactivity suggest that nicotine has stronger effects on
neurons showed more systematic behavior), for whichinterneurons than on RA-projecting neurons. HVc multi-
the electrical stimulus artifact could be precisely locatedunit recordings are dominated by tonically firing inter-
in the record (n  18), a significant change in ongoingneurons (Hahnloser et al. 2002; Rauske et al., 2003),
ISIs could be detected for 20 consecutive ISIs beginningwhereas the few spikes emitted by RA-projecting HVc
2.28  2.1 s (33.7  39 ISIs) after electrical stimulationneurons may not contribute substantially to gross re-
(one-tailed t test, p  0.05). The earliest change wecordings. Thus it is plausible that we failed to detect
detected came 0.30 s after offset of BF stimulation. Thisauditory responses of RA-projecting HVc cells that were
corresponds to the first 20 ISIs after the end of thespared in the nicotine injections while observing loss of
stimulus artifact, therefore representing an upper boundauditory responses in HVc interneurons (see Dis-
on the shortest latency of the effects. The recovery ofcussion).
prestimulus ongoing discharge rates often preceded the
recovery of reliable auditory responses (i.e., Figure 4A).BF Stimulation Elicits Changes toward Wakeful
In control experiments we demonstrated that the ef-Activity in RA
fects of electrical stimulation were spatially restricted.We further tested the physiological effects of manipulat-
In three cases where the tip of the stimulating electrodeing cholinergic activity in the song system by electrical
was 500 m from VP, electrical stimulation had no(n  23 birds) and chemical (n  2 birds) stimulation of
significant effect on RA BOS responses considered asthe ipsilateral BF (targeting nucleus VP; see Discussion)
a population (n  3; pre/post response strength: 5.97 while presenting BOS. BF electrical stimulation (30 RA
1.7/5.39  1.7; paired t test, p  0.79) or individually. InSU and 6 RA MU) resulted in a dramatic (4.7), signifi-
each case, identical stimulation parameters producedcant reduction in the population mean response to BOS
marked effects on RA when the electrode was placed
in RA (Table 1). In most cases (34 of 36), individual RA
in VP. For the controls (outside of VP), mean ongoing
sites showed a rapid, strong, and significant reduction in
bursting was also unaffected (pre/post burst index:
response strength (Figure 4A); often there was complete
5.32  0.83/7.13  4.5; n  3; paired t test, p  0.61),
suppression of responses. In cases where the recording although stimulation significantly decreased ongoing fir-
site was maintained, significant recovery of auditory re- ing rates (n  3; mean ms ISI pre/post: 70.7  7.5/
sponses was observed, both for the population measure 87.0  8.9; paired t test, p  0.01). Changes in ISIs
(Table 1) and for many individual sites (n  17 of 23) are presumably through some nonspecific mechanism
(e.g., Figure 4A). In all cases where the unit was lost or recruited by stimulation external to the basal forebrain;
recovery was not observed, strong BOS responses were 0 of 36 of the experiments where VP was directly stimu-
later observed at other RA sites. lated showed this constellation of effects. Thus, stimu-
RA auditory responses typically recovered within lating outside of VP had different effects on both driven
15–20 min after BF stimulation. For three birds, however, and spontaneous activity than did stimulation within VP.
BF stimulation of equivalent magnitude had very short Electrical stimulation may have recruited fibers of pas-
effects that largely recovered before the subsequent sage in or near BF. To control for this, we chemically
presentation of BOS (once every 12 s). In these birds, stimulated BF by injecting it with glutamate (brief
electrical stimuli were delivered just prior to each repeti- puffs 50 nl, 25–250 mM), producing results that were
tion of BOS. There was no obvious explanation for this qualitatively and quantitatively similar to electrical stim-
discrepancy based on stimulation electrode placement. ulation. Injections of glutamate into BF (n  4 in two
These results imply, however, that the dynamics of both birds) dramatically reduced RA BOS responses (Figure
onset and recovery from the effects of BF stimulation 4C). Although the population difference was not signifi-
can be on the order of individual songs. cant (Table 1; n 4, p 0.12), a comparison of response
In addition to the strong effects we observed on audi- strength before and after injection for each site showed
tory responses, there were also significant changes in a strong, significant suppression in every case (unpaired
ongoing activity (e.g., Figure 4B). Upon BF stimulation, t test, p  0.001). BF chemical stimulation also had
as a population, RA neurons showed a significant reduc- robust effects on RA ongoing firing rates, with significant
tion in bursting; among those sites held, recovery was changes in both population bursting and mean ISIs (Fig-
not significant (Table 1). On average, BF stimulation also ure 4D) (Table 1). In all three cases where the unit was
held, significant recovery was observed in auditory re-resulted in a significant increase in RA ongoing dis-
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Figure 4. BF Stimulation Elicits Changes in RA Physiology
(A) An electrical stimulus (one 500 ms burst, 50 uA at 400 Hz) was applied at the arrow. A loss of auditory responses and increased firing rate
can be seen prior to complete shutoff (at asterisk). Following stimulation, there was no response (P1: 7.13  20 RS; P2: 1.59  1.2 RS;
unpaired t test, p  0.001). Later, there was significant recovery (P3: 5.12  4.5 RS; p  0.001). Data represent 180 repetitions of BOS (2370 s).
(B) ISI histograms (bin size  2 ms for all ISI plots) of ongoing discharge. There was much greater variation in ISI distribution before (black
bars) than after (white bars) stimulation, as well as significant changes in means (pre: 69.1  22 ms; post: 58.3  9.1 ms; unpaired t test, p 
0.001). Later (gray bars), ongoing rates slowed significantly (recovery: 94.2  20 ms; p  0.001). ISI data were taken from 20 repetitions prior
to and 10 repetitions after stimulation. Recovery data were taken from the last 20 repetitions in the record. The number of repetitions was
reduced because of the shorter firing rate effect and to balance the number of points in each condition.
(C) Effects of chemical BF stimulation (brief 50 nl puff of 25 mM glutamate) on an RA SU. As in electrical stimulation, following recovery
from shutoff there was no BOS response (P1: 34.8  29 RS; P2: 1.25  0.78 RS; unpaired t test, p  0.001), and later there was significant
recovery (P3: 12.0  12 RS; p  0.001). Data represent 160 repetitions of BOS (1982 s).
(D) Changes in ISI distributions (pre: 44.5  5.0 ms; post: 23.9  4.9 ms; unpaired t test, p  0.001). Firing rates were nearly indistinguishable
after the significant recovery (44.0  5.3 ms; p  0.001). ISI data were taken from the same windows as in (C), and color conventions are
matched. In all panels, the asterisked gap is excluded from analysis.
sponses and ISIs. In the fourth case, strong BOS re- roughly the onset of the period of cessation for the
foreground unit.sponses were observed at subsequently recorded sites.
Population bursting significantly recovered; however,
the recovery of BOS responses and ISIs was not signifi-
cant (Table 1). BF Stimulation Effects Are Blocked by Cholinergic
Antagonists in HVcRemarkably, RA neurons commonly (23 of 34 SU in
18 of 25 birds) ceased firing shortly after either electrical The physiological changes caused by BF stimulation
may have resulted from a direct action of endogenousor chemical BF stimulation (Figures 4 and 5). Activity
ceased 67.3 11 s (n 23) after stimulation. The recov- release of ACh on the song system, or possibly a general
forebrain arousal mechanism of unknown pharmacol-ery of firing, when observed (in early experiments, sites
were abandoned due to presumed loss of isolation), ogy. To address this question, we tested the spatial and
cholinergic specificity of the effects of BF stimulation.occurred 37.4  17 s (n  18) thereafter. These transi-
tions were abrupt, with cells always losing and recov- We electrically stimulated BF to ensure effective block-
ade of RA auditory activity, waited for recovery, andering their firing rates quickly. Firing cessation was usu-
ally accompanied by a high frequency burst and often then repeated the same stimulation after injecting either
the nicotinic cholinergic antagonist dihydro--erythro-spike height accommodation (n  23; mean maximal
instantaneous firing rate: 220 150 Hz; range: 63.5–645 idine (DHE) or the muscarinic cholinergic antagonist
atropine into HVc. Competitive binding studies for theHz) (Figures 5A and 5B). There was a clear sense of
reduced background activity throughout RA during the muscarinic and nicotinic receptor have been performed
using carbachol and atropine as well as other ligandsperiod of cessation. In some cases, one or more back-
ground units were observed to burst and silence at in birds, and results were consistent with the known
Neuron
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Figure 5. Detail of RA Shutoff
(A) Raw traces of the unit from Figure 4A
showing high frequency burst and spike
height accommodation at onset of shutoff,
and recovery of ongoing discharge rate fol-
lowing recovery from shutoff. BF electrical
stimulation occurred approximately 1 min
prior to the beginning of the trace.
(B) Corresponding instantaneous firing rates,
smoothed with a five-point boxcar filter.
properties of these receptors in mammals (Watson et strength: 6.55  6.3/4.28  7.0; unpaired t test, p 
0.05). For this unit, following BF stimulation, the firingal., 1988; Ball et al., 1990).
Injections of DHE into HVc blocked or greatly dimin- rate became unstable. Over a 5 min period, while signifi-
cant responses persisted, several brief (10–30 s) periodsished the effects of BF stimulation on RA physiology
(n  4 injections, three RA SU, three birds; 1 mM; 200– of auditory suppression were observed. Thereafter, the
cell recovered auditory responses indistinguishable250 pmol in 200–250 nl) (Figure 6). In three of four cases,
injection of DHE prior to stimulation prevented any from baseline levels. In contrast, BF stimulation prior to
the injection resulted in total suppression of the initialsignificant change in response strength or increase in
discharge rate for a stimulation level that had previously cell’s auditory responses that persisted for the duration
of the recording (10 min). Two cells showed increaseselicited significant changes in RA physiology (Figures
6A and 6B). In the fourth case, BF stimulation elicited a in RA ongoing discharge in response to BF stimulation
after the atropine injection (ms ISI pre/post: 71.0  21/brief auditory suppression and ongoing discharge in-
crease in an RA SU following the injection, but the onset 56.4  18; 89.2  13/83.6  13; unpaired t test, p 
0.001).was delayed about 150 s, the duration of the effect
was greatly diminished, and significant responses were RA activity was observed directly during six of eight
injections of antagonists into HVc. Comparing pre- (20)again observed within 2 min. At this site, the effect of
BF stimulation prior to the injection was immediate and and post- (10–20) injection repetitions, none of these
injections showed a significant effect on the strength ofgreater in magnitude and required 20 min to recover.
One SU was held long enough to observe two cycles RA auditory responses (paired t test, p  0.05). Each
showed significant effects on ongoing rates (paired tof ineffective BF stimulation during DHE blockade fol-
lowed by effective BF stimulation upon washout. At an- test, p 0.01), but the direction of effects was inconsis-
tent and in most cases quite small. Control injectionsother site, the cycle up to ineffective BF stimulation
during DHE blockade was observed for a single SU of either DHE (n  2 injections, two birds; 250 pmol in
250 nl) or atropine (n  7 injections, four birds; 25–300before it was lost, but significant effects of BF stimula-
tion following DHE washout were subsequently ob- pmol in 200–300 nl) into the neostriatum surrounding
HVc failed to prevent strong suppression of RA BOSserved on another cell. For the third site, the SU was
lost while waiting for recovery from baseline BF stimula- responses by BF stimulation. One of these atropine in-
jections was made in a bird that later received an atro-tion, and a second SU was observed during DHE block-
ade of BF stimulation. pine injection directly into HVc that blocked the suppres-
sion of RA BOS responses.Injections of atropine into HVc also blocked or dimin-
ished the RA auditory suppression induced by BF stimu- In two of four DHE injections and three of four atro-
pine injections, a period of complete cessation of thelation (n 4 injections, four RA SU in four birds; 350 M
or 1 mM; 88–350 pmol in 250–350 nl). (In all four cases RA unit (see above) was observed during baseline BF
stimulation prior to injection of the antagonist. This shut-the initial cell was lost after the first BF stimulation, and
a second RA SU was acquired prior to drug injection.) off was blocked during electrical stimulation after injec-
tion of the antagonist in all five cases. This suggestsIn three of four cases, injecting atropine into HVc prior
to BF stimulation prevented any significant stimulation- that the shutdown is mediated through an obligatory
interaction in HVc.induced changes in the BOS response strength of the
second RA SU; the same stimulation levels prior to injec- Extinction of the apparent protective effects of atro-
pine was never observed, despite recording for up totion had caused strong, prolonged, and significant re-
sponse suppression in the initial unit (Figure 7). In the 6 hr following the injection. Under conditions of our
experiments, therefore, either the washout period forfourth case, the second unit still showed some suppres-
sion after the atropine injection (pre/post response atropine was extremely long, or the atropine perma-
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Figure 6. Prevention of BF Stimulation Effects by Injection of Nicotinic Antagonist in HVc
(A) BOS responses. The raster depicts the response of an RA SU to electrical BF stimulation of increasing intensity (one 250 ms burst: 40 A
at 250 Hz, 50 A at 250 Hz, and 60 A at 400 Hz), demarked by the three sizes of arrows. The strongest stimulus achieved threshold and
was applied three times (labeled P1–P3), with the second time preceded by injection of 200 nl, 1 mM DHE (200 pmol) into HVc (at the
asterisk). The numbered pairs of PSTHs correspond to the BOS response just before and after each numbered stimulation. Each PSTH is
derived from the number of repetitions indicated in its upper right corner. Stimulations 1 and 3 resulted in strong suppression of the BOS
response (P1: 17.4  27/9.19  18; P3: 17.0  22/1.06  1.0 RS pre/post; unpaired t test, p  0.001 for each pre/post comparison), while
stimulation 2 did not (P2: 7.12  12/11.4  11 RS pre/post; unpaired t test, p  0.14). The data represent 205 repetitions of BOS (2631 s).
(B) Ongoing activity. ISI distributions from before and after the three BF stimulations. The first and third stimulations resulted in dramatic
increases in ongoing activity (P1: 52.5  13/41.5  9.9; P2: 59.2  19/38.9  11 ms ISI pre/post; unpaired t test, p  0.001). Stimulation 2
had no significant effect (P3: 56.7  18/57.8  18 ms ISI pre/post; unpaired t test, p  0.14).
nently rendered the cholinergic pathway incompetent HVc Physiology during BF Stimulation
In six birds we also recorded from HVc during 13 of theto modulate auditory input. It is unlikely that the failure
to observe recovery resulted from a technical failure of BF stimulations (12 SU, 2 MU; 1 site yielded 2 distinct
SU); in each case the activity at an RA site was simulta-our stimulation. In other experiments, we stimulated BF
from 1 to100 times without any detectable decrement neously recorded. BF stimulations that were subthresh-
old for RA also left HVc activity qualitatively unaffected.in stimulation efficacy. Once threshold was determined
for a given placement of the stimulation electrode, it was Subsequently, as the electrical stimulus intensity was
increased, strong auditory suppression, and shutoff innever necessary to modify the stimulation parameters to
achieve similar effects for other neurons. In addition, 34 most cases, were observed in RA. These changes were
faithfully associated with comparable profound changesof 36 RA sites were found to be responsive to electrical
stimulation, rendering unlikely the possibility that all four in HVc activity (i.e., strong auditory suppression and
shutoff, when seen in RA). Therefore, RA and HVc havesubsequent RA cells isolated during the atropine experi-
ments failed by chance to respond to the stimulation. the same threshold for BF stimulation effects, which is
explained if the changes in HVc drive those in RA, or ifThus, taken with the results of the DHE experiments,
the data indicate that pharmacological manipulation of the threshold of effects of BF stimulation is the same for
HVc and RA (VP projects to both). The latter explanation,HVc can rescue RA from the effects of cholinergic modu-
lation. This specifically implicates cholinergic release in however, cannot account for the failure of RA to respond
to VP stimulation in the presence of cholinergic antago-HVc as a potent mechanism for regulating RA audi-
tory responses. nist injections into HVc.
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Figure 7. Prevention of BF Stimulation Effects by Injection of Muscarinic Antagonist in HVc
Three increasing levels of BF electrical stimulation were applied (200 ms at 200 Hz: 25 A, 40 A, and 60 A) until threshold was achieved
(P1), whereupon the unit exhibited a complex pattern of shutoff and recovery, and changes in ongoing and driven activity, until it was lost.
A second unit was then acquired; the interval represented by the open arrow represents about 30 min. BF stimulation of the first unit at P1
resulted in dramatic suppression of BOS response strength (P1: 73.5 120/4.27 7.3 RS pre/post; unpaired t test, p 0.001) and a temporary
shutoff of the RA neuron. The unit first showed a small but significant increase in ongoing firing rates (P1: 88.2  25/86.2  31 ms ISI pre/
post; unpaired t test, p  0.05), and later, a dramatic decrease (165  130 ms ISI). The strong BOS response of the second RA SU was
apparently not affected by atropine injection (300 nl, 350 M) of HVc (at asterisk), nor by a subsequent, equally strong BF stimulation (at P2:
87.0  73/106  99 RS; unpaired t test, p  0.22). There was, however, a small increase in firing rate (P2: 87.1  13/85.0  12 ms ISI pre/
post; unpaired t test, p 0.001). Subsequent BF stimulation at this and other sites failed to elicit changes in RA physiology. The data represent
150 repetitions of BOS (1924 and 2201 s, respectively) for each unit.
All HVc sites showed strong auditory suppression. recordings were SU (seven of ten), permitting precise
measurement, shutoff in HVc preceded shutoff in RA.Most (10 of 12) SU sites ceased firing shortly after stimu-
lation (Figure 8). In all cases where both HVc and RA HVc and RA shutoff occurred 44.3  25 s and 67.2 
Figure 8. Effects of BF Stimulation on HVc SU
BF electrical stimulation (one 250 ms burst, 250 Hz at 40 A) results in complete cessation of activity (for 330 s). Ultimately, however, there
was good recovery (P1: 6.43  3.7 RS; P3: 4.95  2.6 RS). The RA MU also showed reduction in BOS response strength (P1: 1.98  0.46 RS;
P2: 1.18  0.90 RS; unpaired t test, p  0.001) and complete shutoff. Ongoing activity resumed much more rapidly than for the HVc SU, but
recovery of BOS responses took longer and was less complete. This recovery was significant (P3: 1.48  0.43 RS; p  0.001). Data represent
160 repetitions of BOS (2122 s).
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10 s (n  26), respectively, after stimulation. As also ther RA (HVc-RAn) or Area X (HVc-Xn). Area X neurons
exhibit some auditory activity in awake birds (P.L.observed in RA, some (four of ten) HVc SU exhibited a
Rauske and D.M., unpublished data) but RA neurons dohigh frequency burst at shutoff onset (mean: 356.5 
not, which could indicate that HVc-RAn match the state-199 Hz; range: 85.4–514 Hz). The duration of HVc shutoff
dependent pattern of RA neurons, and HVc-Xn match(n 5; 446.4 329 s) was far greater than that observed
that of Area X neurons. Recently, a hierarchical feedfor-for RA shutoff (n  18; 37.4  17 s); however, note that
ward model of HVc circuitry has been proposed (Moo-following recovery from shutoff in RA, auditory re-
ney, 2000; Mooney et al., 2002). In that model, eachsponses were still suppressed. Of the ten HVc units that
class of HVc cell receives auditory input that is biasedstopped firing, five were never observed to fire again.
toward BOS, but HVc-RAn further sharpen the re-Where recovery was observed, a comparison of the spike
sponses of HVc-Xn through inhibition mediated by theshapes indicated in at least two cases that the recovered
GABAergic HVc-In. Under the condition of urethane an-unit did not match the original unit. For the two other HVc
esthesia, presentation of BOS elicited no evidence ofSU, both HVc and RA SU exhibited strong, but brief
inhibition onto HVc-RAn (Mooney, 2000), so it is plausi-and delayed, auditory suppression after BF stimula-
ble that the effects of HVc drug injections could betion without shutoff. For the two HVc MU, both sites
selective for HVc-In (and HVc-Xn) while sparing HVc-showed complete suppression of BOS responses, and
RAn. Thus, one hypothesis is that nicotine has an inhibi-one of these sites recovered auditory activity after about
tory effect on HVc-In while sparing HVc-RAn. Our HVc15 min.
multiunit recordings, which showed nicotine-inducedA recent study (Rauske et al., 2003) used antidromic
suppression of auditory responses, were likely domi-stimulation from HVc’s target nuclei, RA, and Area X to
nated by HVc-In (Rauske et al. 2003).identify projection neurons in extracellular recordings
Other neuromodulatory systems also probably act onfrom urethanized zebra finches. Two physiologically dis-
different functional pathways within HVc. NE injectionstinct neuronal classes were found that were never asso-
into HVc in urethanized zebra finches abolish auditoryciated with projection status and were therefore identi-
responses in RA but not in HVc (Dave et al. 1998). Thus,fied as likely interneurons. We applied the same principal
NE effects differ from those of carbachol and comple-components analysis for all of the HVc spike waveforms
ment those of nicotine. We have duplicated the resultsrecorded during BF stimulation. The spike shapes and
of NE injections into HVc but have yet to demonstratephysiological properties of these neurons are in all cases
adrenergic specificity for the effect (e.g., see control in-consistent with one or the other of these two classes
jections).of putative HVc interneurons.
Stimulation of BF rapidly produced effects on HVc and
RA auditory responses and ongoing discharge similar inDiscussion
some respects to that of carbachol injections, but with
additional network effects. BF stimulation was ex-We have demonstrated that in zebra finches, cholinergic
tremely potent, however, typically resulting in completeinput to HVc from BF can modulate auditory input to
cessation of firing in HVc and RA for a period of variable
the song motor system in a manner resembling the mod-
duration. When network shutdown was observed in RA,
ulation that occurs across sleep-wake transitions (Dave
it was always preceded by a similar shutdown in the
et al., 1998; Nick and Konishi, 2001; Rauske et al., 2003).
firing of HVc neurons, and the disappearance of auditory
Injections of the relatively nonselective cholinergic ago- responses in RA closely corresponded to their disap-
nist carbachol (1 mM) uniformly and strongly sup- pearance in HVc. RA shutdown cannot be explained
pressed RA and HVc BOS responses while decreasing simply by removal of HVc drive onto RA, as studies
bursting and increasing the rate of ongoing discharge. using lidocaine and kynurenate to suppress HVc activity
Despite the potential for variability in the spatial extent while simultaneously recording RA units did not report
and time course of drug spread after microinjection, shutdown (Doupe and Konishi, 1991; Kimpo et al., 2003),
the effects of carbachol were strong, were consistent, nor did we observe shutdown with injections of carba-
typically appeared rapidly, and recovered slowly. Mus- chol into HVc. These differences may result from more
carine injections into HVc produced results similar to potent effects of BF stimulation on HVc neurons (e.g.,
those seen with carbachol, albeit with somewhat less the rapid onset of effects across the nucleus) or the
consistency and more variability in effects. HVc injec- combination of HVc effects coupled with direct ACh
tions of nicotine, however, produced consistent strong effects on RA mediated through VP’s projection to RA.
auditory suppression in HVc only; in the minority of In spite of its potency, almost all of the effects of BF
cases when an effect was observed in RA, it was qualita- stimulation were blocked by HVc injections of either
tively different than observed for the other drugs. nicotinic or muscarinic cholinergic antagonists, leaving
In the song system of zebra finches, neurons exhibit the song system competent to exhibit song-selective
a paradoxical pattern of sensory activity, with strong responses. Caution should be taken in interpreting this
auditory responses (and ongoing bursting discharge) in result with respect to atropine due to the failure to ob-
sleeping birds, and weak responses and more regular serve washout and the lack of stimulation at the same
ongoing discharge in awake birds. This state transition site before and after injections. Still, these data imply
is apparently uniformly expressed in all RA neurons that cholinergic release in HVc, not modulation of nuclei
(Dave et al., 1998) but varies in strength among different afferent to HVc or a general arousal mechanism, is the
classes of HVc interneurons (HVc-In) so that some retain principal cholinergic component of state-dependent au-
daytime auditory activity and others do not (Rauske et ditory “gating.” This focuses attention on HVc somata
and their synapses with NIf afferents, which probablyal., 2003). HVc projection neurons target exclusively ei-
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convey the major auditory input to HVc (Janata and the song system retains the ability to respond to BOS
Margoliash, 1999). This hypothesis still awaits testing in playback during episodes of replay during sleep.
awake animals and does not in any case exclude a In addition to its apparent role in sleep, there is consid-
gating phenomenon in other nuclei nor a role for other erable evidence that cholinergic BF plays a role in atten-
neuromodulatory systems. tional mechanisms and plasticity. Nucleus basalis cells
Both nicotine and muscarine had powerful effects on exhibit elevated firing during attention to behaviorally
HVc physiology but with only nicotine sparing RA activ- relevant stimuli as well as in response to reward-pre-
ity. Antagonizing either nicotine and muscarine was ro- dicting stimuli and the actual rewards themselves
bustly protective of both HVc and RA against BF stimula- (Wenk, 1997; Schultz and Dickinson, 2000). In mamma-
tion. A principal difficulty in explaining this complicated lian systems, cholinergic augmentation of cortical re-
suite of results is our incomplete understanding of the sponses to somatic (Tremblay et al., 1990), auditory
action of BF stimulation on populations of HVc neurons. (Hars et al., 1993), or thalamic (Metherate and Ashe,
If different HVc neurons have different cholinergic affini- 1991) stimulation by cholinergic basal forebrain stimu-
ties, BF stimulation could suppress some classes of lation is well documented, but activation of nucleus
HVc neurons directly, which could then suppress other basalis has been further shown to induce long-term
classes of HVc cells. Our data suggest that muscarine plasticity and alter cortical representations (Bakin and
acts directly on auditory input to HVc-RAn or intrinsically Weinberger, 1996; Kilgard and Merzenich, 1998a, 1998b;
on HVc-RAn and that the action of nicotine leaves HVc- Ma and Suga, 2003).
RAn competent to respond to auditory input. If nicotine These results from mammals portray cholinergic BF
acts principally on neurons other than HVc-RAn, as our as a key component of attention, reinforcing and en-
data suggest, then those neurons (presumably HVc-In) hancing the salience of incoming stimuli of interest. Our
may give feedback onto HVc-RAn. Such connections results are compatible with the avian BF viewed as an
have yet to be described (Mooney, 2000). This is only attentional perceptual filter. BF activity is expected to
one of many possible explanations that will require anal- be low during sleep and high during waking periods.
ysis of identified cell types for its resolution. Indeed, auditory responses are suppressed or absent
in the song system in awake, quiescent zebra finches.
Functional Role of Cholinergic Input It remains to be seen whether BF activity is also regu-
Retrograde double-labeling experiments have revealed lated on other timescales such as during singing; how-
a population of choline acetyltransferase (ChAT)-posi- ever, the rapid onset of changes and in some cases the
tive cells in the BF nucleus VP that project to both HVc short duration of effects that follow BF stimulation are
and RA (Li and Sakaguchi, 1997); anterograde confirma- consistent with this hypothesis.
tion has yet to be reported. In zebra finches, HVc and Adult zebra finches require auditory feedback to main-
RA both show labeling for acetylcholinesterase (Ryan tain song (Nordeen and Nordeen, 1992), but a physiolog-
and Arnold, 1981; Zuschratter and Scheich, 1990). HVc
ical manifestation of auditory feedback in the song sys-
shows strong 125I- bungarotoxin binding of nicotinic
tem has yet to be reported. If BF plays a role in
acetylcholine receptors in zebra finches (Watson et al.,
modulating auditory feedback, then during singing, BF
1988) as well as binding for the muscarinic cholinergic
activity might diminish to briefly admit auditory feedbackligand [3H] N-methyl scopolamine in starlings and song
to the song system. Indeed, VP receives input from thesparrows (Ball et al., 1990), albeit at comparatively lower
thalamic nucleus DMP (Li et al. 1999), which itself re-levels. In contrast, RA shows little specific labeling for
ceives a projection from RA (Vates et al., 1997) (Figureeither receptor (Ryan and Arnold, 1981; Watson et al.,
1), providing a potential mechanism for vocal motor be-1988; Ball et al., 1990).
havior to influence auditory input to the song systemVP shares many features with the mammalian sub-
via an “efference copy.” VP also receives input from thestantia innominata (Kitt and Brauth, 1981; Reiner et al.,
auditory nucleus ovoidalis (Ov) in the thalamus, which1983; Li and Sakaguchi, 1997), an area that includes the
allows for modulating song system activity based oncholinergic nucleus basalis of Meynert. Evidence from
auditory feedback. We hypothesize that the basal day-mammalian systems indicates that cholinergic BF con-
time BF activity level represents a set-point that blockstributes to state-dependent regulation of activity. Corti-
sensory input to motor structures. Changes around thiscally projecting BF neurons show increased firing during
set-point may regulate sensory feedback during mo-wakefulness, and REM sleep as compared to slow wave
tor behavior.sleep (Szymusiak et al., 2000). Cortical ACh release pro-
motes desynchronized EEG states (McCormick and Bal,
1997). During sleep, sensory thresholds in the forebrain Experimental Procedures
are traditionally known to be elevated whereas in the
song system, it is sleep that is associated with auditory Fifty-seven injections of pharmacological agents (49 into the left
hemisphere) were targeted to HVc in 35 birds, with 2 birds receivingresponsiveness (Dave et al., 1998). This contrast may
separate injections into each hemisphere and 18 receiving multiplereflect differences in sensory and sensorimotor struc-
injections into the same hemisphere. Injections into the same hemi-tures. In songbirds, the sensory activity during sleep
sphere were typically made at the same location. No systematichas been hypothesized to be linked to the “replay” of
hemispheric differences were observed, and the data were com-
song motor patterns during sleep. This raises the possi- bined for further analysis. BF stimulation in 25 birds yielded 51 RA
bility that a similar mechanism could act to admit sen- recording sites and 14 HVc sites. All stimulation experiments were
sory input to the song system during singing (Margoli- performed in the left hemisphere, which was somewhat easier to
access in our apparatus.ash, 2002). It has yet to be tested, however, whether
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Electrophysiology ISIs excluding ISIs occurring within 1 s after stimulus offset) with
the stimulus-driven ISI variance, normalized with a log transforma-Birds were prepared following well-established procedures (Rauske
et al., 2003). For each bird, a representative BOS stimulus was tion. For each repetition, response strength was defined as the
ratio of the stimulus to baseline ISI variance. For MU, the samechosen from a sample of at least 50–100 exemplars (mean duration
2.54  0.46 s; mean number of motifs: 3.0  0.80; n  48 birds) comparison was performed on the variance of the waveform sam-
ples (rather than ISIs) between baseline and the stimulus. HVc SUrecorded in a sound isolation booth. Days prior to an experiment,
a pin was attached to the skull (Equithesin anesthesia). On days of discharged irregularly (as did two exceptional RA SU after HVc
injections), rendering variance measures inappropriate; for theseexperiments, a bird was anesthetized with 60–100 l of 20% ure-
thane, and the head was immobilized by affixing the pin to a stereo- neurons we utilized spike rates as the response metric, but other-
wise treated the data as for the variance measures.taxic apparatus. SU and MU were recorded with Pt/Ir electrodes
while stimuli were presented in an anechoic chamber (AC-3, Indus- Changes in ongoing firing rates across drug or BF manipulations
were analyzed by comparing ISIs occurring during a 6 s windowtrial Acoustics Corporation, Bronx, NY) at 67–70 dB SPL RMS mea-
sured at the bird’s head. MU recordings from HVc consisted of prior to each BOS presentation, except in cases when the window
was truncated to avoid artifact from electrical stimulation. Distribu-dense clusters of numerous units.
Birds were rejected for further analysis if they did not express tions taken from pre- and postmanipulation periods were compared
using an unpaired t test. ISI distributions usually had a major peakstable and significant RA auditory responses prior to manipulations.
Data from one injection were rejected post hoc because preinjection representing the rate of regular firing and a minor short-interval peak
corresponding to burst spikes. To characterize the minor peak, aauditory responses were not significant. Approximately 1/3 of the
experiments were aborted for lack of significant auditory responses. burst index was calculated. The major peak was fit with a Gaussian,
and the number of intervals that were 2 SD below the mean ofIn drug injection experiments, recording electrodes were placed
in RA and HVc, and a drug pipette was placed in HVc. Drugs (Sigma/ the Gaussian were expressed as a percentage of the total number
of intervals (Dave et al., 1998). The occurrence of bursts is variableRBI, St. Louis, MO) were dissolved in ACSF consisting of 119 mM
NaCl, 2.5 mM KCl, 1.3 mM MgCl2, 2.5 mM CaCl2, 1 mM NaH2PO4, over the short intervals of ongoing discharge between stimulus repe-
titions, and thus statistical comparisons were only performed for26.2 mM NaHCO3, and 11 mM glucose. The pH of each drug when
dissolved in ACSF was measured for the highest concentration used populations of neurons, not individual neurons.
Changes in the stimulus-driven and ongoing activity were as-(except DHE and muscarine chloride, for which there was insuffi-
cient material available to measure). pH was between 7.25 and 7.75, sessed by comparing the 20 stimulus repetitions just before and
just after a manipulation, except if the cell was lost prematurely orwith the exception of 10 mM nicotine, which was balanced to pH
7.4 with NaOH. in cases where the time course of the effect was shorter than 20
repetitions as judged by visual inspection of response rasters. Also,Pressure injections (Picospritzer II; General Valve, Fairfield, NJ)
were made through a graduated micropipette (5 l, Drummond) neurons briefly stopped firing after stimulation of BF (see Results).
So as not bias the results toward an effect, repetitions for whichpulled to a 10–20 m I.D. tip. Typically, 200–500 nl was slowly in-
jected over a period of 30–120 s. A few drops of rhodamine dextran the neuron did not spike were omitted in the analysis, and were not
replaced with later repetitions, to maintain a consistent time windowamine (RDA, 3000 MW; Molecular Probes, Eugene, OR) were added
to the injection solution to label the injection site. We placed the of analysis. Recovery was measured by assessing ongoing activity
and auditory responses during 20 repetitions of BOS presented afterHVc pipette and recording electrode in relatively close proximity
(150 m); however, fluorescent label was always observed a variable delay following the injection, reflecting the substantial
variation in the time course of recovery across manipulation.throughout most or all of HVc. The spread of the high molecular
weight dextran is likely to represent a lower bound for the spread
of the drug, so it is unlikely that the effects we observed in HVc Acknowledgments
were locally restricted.
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